Signatures for Majorana neutrinos at hadron colliders 
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The Majorana nature of neutrinos may only be experimentally verified via lepton-number 
violating processes involving charged leptons. We explore the AL = 2 like-sign dilepton 
production at hadron colliders to search for signals of Majorana neutrinos. We find significant 
sensitivity for resonant production of a Majorana neutrino in the mass range of 10 — 80 GeV 
at the current run of the Tevatron with 2 fb~^ integrated luminosity, and in the range of 
10 - 400 GeV at the LHC with 100 fb^i. 



Neutrinos are arguably the most elusive par- 
ticles in the standard model (SM) spectrum. 
The evidence is strong that neutrinos are mas- 
sive and their flavors defined with respect to the 
charged leptons oscillate pj , indicating the need 
of extension beyond the SM. We do not know 
the nature of the mass generation and flavor 
mixing. In particular, we are clueless if neutri- 
nos are of Dirac or Majorana type — the for- 
mer preserves the lepton number (L), and the 
latter violates it by two units. Thus, the un- 
ambiguous proof of the existence of a Majorana 
neutrino is the observation of a lepton-number 
violation process, which would have profound 
implications in particle physics, nuclear physics, 
and cosmology. Since neutrinos are so weakly 
interacting and leave no trace in ordinary detec- 
tors, the only appropriate signatures must in- 
volve charged leptons via the charge-current in- 
teractions for a AL = 2 process. 

The simplest extension of the Standard 
Model to include Majorana neutrinos is to in- 
troduce n right-handed SM singlet neutrinos 
^aR (fl = 1)2, •••,?!), and n > 2 in order to 
generate at least two massive neutrinos. Besides 
the Dirac masses rrijy from the Yukawa interac- 
tions, there is also a possible heavy Majorana 
mass term Yl'b^b'=i ^"bL Bw N^r + h.c. The 
diagonalized mass terms thus read 
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plus the Hermitian conjugate, with the mixing 



relations between the flavors deflned with re- 
spect to the charged leptons t and mass eigen- 
states 
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UU^ + VV^ = I. 

In the simplest incarnation without further fla- 
vor structure or new states, the light neutrino 
masses m'^ are of the order of magnitude rnjj/B, 
while the heavy neutrino masses are m^, ~ B. 
The corresponding mixing angles are of VV* ~ 
m'^/m^,, and thus UU^ w /. However, we will 
take a phenomenological approach toward the 
mass and mixing parameters without assuming 
any relationship a priori. 

In terms of the mass eigenstates, the gauge 
interaction Lagrangian can be written as 
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where Pl is the left-handed chirality projection 
operator. There exist constraints on the heavy 
neutrino mass and the mixing elements V^m'- 
Since we are interested in the collider searches, 
we consider ttin 3> 1 GeV. By far, the strongest 
bound is from the non-observation of the neutri- 
noless double-/? decay (Oz^/3/3) j^]- It translates 




FIG. 1: Feynman diagrams for AL ~ 2 processes 
induced by a Majorana neutrino N in qq' collisions. 



to a bound on the mass and mixing element 
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The other relevant constraints come from the 
LEP experiments [3, |^, typically leading to 
|V;.7v|' , \VrN\^ < 10-4-10-5 for m^ ~ 5 GeV- 
80 GeV. 

We first consider the heavy Majorana neu- 
trino decay width. The decay modes of a heavy 
Majorana neutrino are to a M^ or a Z or a Higgs 
boson plus a corresponding SM lepton [5|. The 
total width of a heavy Majorana neutrino goes 
like 
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It remains rather narrow even for mj\f ~ 1 TeV 
for small mixing angles. The branching ratios 
of heavy Majorana neutrino decay are Br[N — > 
i-W+) ~ Br{N -^ Zv) ~ Br\N -^ Hv) ~ 
25%. 

Representative Feynman diagrams for AL = 
2 processes induced by Majorana neutrinos in 
qq' collisions are depicted in Fig. ^ The con- 
tribution via WW fusion shown by the first 
diagram is the direct collider-analogue to the 



0i^/3/3 and has been discussed in p. We reit- 
erate that the rate is very small due to the sup- 
pression of \V(,in\ ■ We emphasize that a Ma- 
jorana neutrino can be produced in resonance 
as seen in the second diagram if kinematically 
accessible m^ < ^/s, thus substantially enhanc- 
ing the production rate, which is proportional 
to \Vii^\ . This was noted earlier in [TJ, where 
only rriTv > 100 GeV was considered for the 
e^e^ mode. We extend the calculation to in- 
clude an arbitrary mass m^ and general mixing 
for final state lepton flavors. The constraint of 
Eq. (^ from {)v[3[3 is very strong [3] and discour- 
ages the hope for signals involving an electron, 
which has been the focus so far in the litera- 
ture la. Ill Idl- We thus propose the like-sign di- 
muons fj, fi , easier for detection than electrons 
in hadronic collisions, as the best signature for a 
heavy Majorana neutrino at both the Tevatron 
and LHC energies. The final state W boson is re- 
constructed in hadronic decay channels because 
of the need of no neutrinos involved in the final 
state to assure the unambiguous identification of 
AL = 2. 

For the mass range of our current interest, 
the width of the heavy neutrino is small, so that 
the signal cross section can be approximated as 

a{pp ^ fi^N)Br{N ^ fi^W^) = V ^o, (2) 

where S^^ is the "effective mixing parameter" of 
N with a muon, defined by 
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and (To is "bare cross section", essentially in- 
dependent of the mixing parameters when the 
heavy neutrino decay width is narrow. We cal- 
culated the exact matrix elements including all 
contributing diagrams and found that the fac- 
torization of Eq. ((2) is a good approximation. 
Our results are shown in Fig. |2I 

The Tevatron : To be more realistic in estimat- 
ing the signal observability, we introduce the ba- 
sic acceptance on leptons and jets to simulate 
the CDF/DO detector coverage in the transverse 
momentum (p^) and pseudo-rapidity (r/) 



PT{^l) > 5 GeV, r]{^i) < 2.0, 



(4) 
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FIG. 2: The "bare cross section" cto versus the heavy 
neutrino mass at the Tevatron and the LHC. 



PtU) > 10 GeV, 7]ij) < 3.0. (5) 

The important characteristics for the signal are 
the two well-isolated like-sign leptons, with no 
missing energy. We thus require the events to 
have /i-jet separation and small missing energy 



Ai?™" > 0.5, ^T < 20 GeV. 



(6) 



The fully reconstructed events should reflect the 
nature of an on-shell W of the flnal states ei- 
ther in m^, ^ rn{jj) or m{jjfj,^). We thus select 
events 



60 GeV < mciustcr < 100 GeV, 



(7) 



where m-duster is the invariant mass of W either 
in jj or in jjfifj, final state. Furthermore, the sig- 
nal distribution should naturally present a peak 
at m{jjfj,) ^ m^. 

Although there is no SM process as a back- 
ground with AL = 2, there are processes 
that lead to like-sign leptons. Those include 
W^W^jj production via gluon exchange or EW 
gauge boson exchange, with W^ decaying lep- 
tonically; or W W W^ with the unlike-sign 
W^ decaying hadronically. It turns out that the 
leading background is from a cascade decay of ti 
production: t ^ i^v b , t — > Wb -^ jets c i~^. 
With the cuts imposed above, the background 
can be essentially eliminated. 

We smear the jet energy and the muon mo- 
mentum according to the Gaussian response of 
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FIG. 3: Tevatron results: (a) tJo versus mjy after 
all the cuts with the two cases of muon rapidity ac- 
ceptance from DO and CDF; (b) Sensitivity on 5^^ 
for 2 fb^ . For comparison, the 95% bound from L3 
search is included. 



the detector. We consider Poisson statistics for 
the low event rate when calculating the signal 
significance. For instance, a 95% {2a) bound 
on the signal for no background would need a 
signal event rate Ns = C o-o(?rajv)S'^^ > 3. 
We show our final results at the Tevatron in 
Fig. 121 the bare cross section (Tq after all the 
cuts and the sensitivity on the mixing param- 
eter S^^. We see that there is significant sen- 
sitivity at the Tevatron in the mass range of 
rrij^ = 10 GeV — 80 GeV. The mixing param- 
eters can be probed to a few times 10~^ at a 2a 
level with 2 fb~^ integrated luminosity surpass- 
ing the L3 95% C.L. bound ,2i]> and reaching 
about 10"'' at a 5a level. While the Tevatron 



Run-II will be soon accumulating substantially 
more data, the search for a heavy Majorana neu- 
trino will be particular interesting due to the fact 
that this would be a low-background clean chan- 
nel. 

The LHC: At the LHC, we adopt the judicious 
cuts 



Pt{ij) > 10 GeV, 
PtH) > 15 GeV, 



^(/u) < 2.5, (8) 
r/(j) < 3.0, (9) 



Ai?J^™ > 0.5, i)T < 25 GeV. (10) 

A similar W mass reconstruction is required as 
in Eq. 0. 

Along with the background processes stud- 
ied for the Tevatron, more channels are consid- 
ered such as pp — > jjZZ and pp — > jjZW that 
may fake the like-sign dilepton signal when some 
particles are missing from detection. Although 
most of backgrounds can be made small after the 
cuts, there are some events left to contaminate 
the purity of the signal. The leading background 
is pp — > W^W^W^. The total background af- 
ter the cuts is about (7 — 8) x 10~^ fb. One 
can further strengthen the signal significance by 
examining the mass window 

0.8mj\f < m{jj^) Rs rrij^ < 1.2m]\f- (11) 

This would reduce the background below 0.04 
fb. Our results after the cuts and the signal re- 
construction of Eq. ()11() are shown in Fig. 01 for 
the bare cross section ctq and the sensitivity on 
the effective mixing parameter 5 with an in- 
tegrated luminosity 100 fb~^. We see that the 
mass range with significant sensitivity can be ex- 
tended to m^ = 10 GeV - 400 GeV. The mix- 
ing parameter can be probed to 10"'^ at a 2a 
level way beyond the L3 95% C.L. bound [3], 
and reaching about 10~^ in the low mass region 
at a 5(T level. The dotted lines closely tracing 
the curves illustrate the possible Higgs contribu- 
tion to the total width T^ with a Higgs mass 
120 GeV. 

It is only definitive to observe lepton-number 
violation processes to establish the Majorana na- 
ture of the neutrino masses, which would have 
profound implications in particle and nuclear 
physics and cosmology. The experiments at the 
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FIG. 4: LHC results: (a) cto versus m^r after all the 
cuts; (b) Sensitivity on 5^^ for 100 fb^^. For compar- 
ison, the 95% bound from L3 search is included. The 
dotted lines tracing the curves illustrate the possible 
Higgs contribution of a mass 120 GeV. 



current Tevatron Run-II and the LHC may have 
the opportunity to discover it via the distinctive 
channels of like-sign dilepton production with no 
missing energy. Hadron colliders may serve as 
the discovery machine for the mysterious "ster- 
ile Majorana neutrinos" . 
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